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AIISTRACT

I’oll-LIp  prc-laaach  cbaracteriza~ion of a Iawrcom terminal’s collltllllllicatiorls and acqaisitionhrack in:
subsystems can provide qaantilalive  characterization of the terminal and better realize the benefits of any
demonstration. l’he lasercom test and cvalaat ion station (1 ,“1’11S)  being developed at NASA/JI’I.  is a high
qoality optical system that will measarc the key characteristics of Iasercom terminals that operate over the
visible and near-infrared spectral region. ‘[’he 1,’1’11S’s  large receiving apetlarc  will accommodate terminals
LIp to 20 cm. in diameter. ‘1’he  onit has six optical channels and it measam far-field beam pattera,
cfivergeace, data rates op to 1.4 Cibps al]d bit-error rates as low as 10-”. It also measures the oatpat  power
of tbe laser-terminal’s beacon and corllt]~lll~icatior]s cbanaels. ‘1’he  I kt Iz, fiamc rate camera in l“I’[;  S’s
acquisition chanael measares the point-ahead angle of the laser cot]]ll]llllicatiolls  terminal to a resoluticm  cf
1 prarf. When combined with the data channel detcctioa, the acqaisitioo channel measures  acquisition and
reacquisition times with a 1 ms molation.
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1. lNTROIIIJCTION

Recent saccessfol dcmoastratioas  of laser co[~~t~]l[r~icatior~s  with spcecmtl  and [;arlh-orbiting  satellites have demonstrated
the feasibility of some of the key aspects of this technology. l’ril~cipally, the demonstrations have sho~vn the ability to point
a narrow laser beacon form a groond station to a spacecraft in decpspace’ and the abi I ity to pet-form high data rate bi-
cfirectioaal  co[~lt]]lll~icatior]s with a satellite both at night and during  the day? 3. As the number  of optical coI]lt~lLlrlicatior]s
experiments increaw, we expect that the Iasercom  test and evaloatioa stat icm (1 “1’1;S) and like iastrameats  to be routinely
used to characterize the pre-laonch performance ofthc  varioas  laser cc~t]~r]]L[r]icatiol~s  terminals. By establishing a basic set
of quantitative tests of the varioos  terminal fanctioas, experimenters woold bc better able to compare pre-laancb and on-
orbit performance of different tenniaals  and to more fully rcali~c the benefits of the experiments.

‘1’he  1,1’[1S currently onder development at NAS~\J/’I ~ was initially conceived to sopport testing of JP[,’s 10 cm aperture
O p t i c a l  Cotll[llllflicatiorls Demomtrator (OCIJ)  . 1 lowcwr,  it was designed 10 have the capability to evaloak  tbe
performance of essentially any laser conlmonicatioas terminals (1 ,C’1’) with a trat~smission  apertare op to 2(I cm in diameter.
I’bc 1.’1’11S  is a high quality optical instrument that caa measare the far-field beam divergence and beam profile of the laser
cot~~[]]t]rlicatiol~s  terminal ondcr test. In the beacon-transmit mode, the 1,’1’1;S  emits a t~ear-aniform-i tltcasity  laser beam that
can be osed to characterize the I. C-I”S acqaisitionhrack  ing sobsystm. It mcasares acquisition and rc-acquisition times to I
msec accaracy  for a range of beacoa-laser  pow’cr  levels and for varioa$ off-axis aagles. It measarcs  the [.CI” S ootpot power,
and bit-error rates on modalated data streams as low as 10“[’ at data rates up to 1.4 Gbps.

Altboagh  the 1.CI’ is only a few meters away, the I “I’1; S mcasurcmeats arc made in the focal plane of its array detectors,
thereby simalatiag  the far field of the 1 Cl”. It is designed to operate (apoa minimal modification) over the 500 nm - 2000
nm spectral range and it can tncasarc  either dowaliak or sia]alated oplink beacon lvavelen~,ttls over this ran.gc to an
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accaracy of 0.0 I nm. ‘1’0 achieve operation over this expandecl spec(ral range, wc have used prolected-allllllitltllll reflecting
sarfaces  and fused silica and quar-t~ rwtlacting  elements for the kcy components in the optical train, As carwntly assembled
with its silicon ctetcctors,  the anit will sapports I,C’I’  character izat ion in the 0.5 (0 I.0 pm spectral region.

I’bc basic 1,“1’11S  anit consists of a transportable 1.6-nl x I -m optical table and (Jvo racks of electronic sapport eqaipment.
It is compact, and can be rcacfi Iy transported to a spacecraft awmbly  area to allow post-spacecraft- intcgrat ion test ing of the
I. C’I”S  performance. I’he 1.1’1;S  will also have the capability of performing dynamic testing of I, C”I’s of less than 20 kg
mass. For these tests, the l,C”I’ is mounted on a spacecraft sirnolator  platform. “1’be platform is made by Micro Sliclcs Inc.
and uses a Compumotor dual axis micro-stepper control. It can rotate 360 clcgrec with a step resola[ion  of 3.4 micro
radians. Althoagh the platform is normally mounted so that the horizontal axis rotates, minor modifications accommodate
stage rotation aboat any axis. I’O chardcteriz,~  the  I, C-I”  S acquisition and tracking characteristics, the platform \vill be
rotated over small arcs (<1 O milliradians) at frcqacncies op to 20 I Iz.,

l’his paper describes the basic l,TflS unit and its operation. In Section 2, \ve describe the 1,”1’[;S optical train \vittl its
detection electronics and discass the performance of each of the six channels. Conc]asions along, with our fature plans For
testing Iasercom terminals, ackrlo~}’ledgr]  lerlts,  and references are in Sections 3, 4, and 5, respectively

2. TIIK I,TES O1)’l’ICA1, TRAIN

t)cvelopcd  ander  an aggressive schcdale the 1.”1’[;S was assembled asing several ofHhc-shelf  optical
components. Its optical Iayoat  consists of five optical receiving ancl one optical transmission channel.
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I;ig,are 2.1: 1,“1’11S optical Iayoat showing the five receiving channels and onc beacon transmit channel,

l’hese are the acquisition, the data, the power, the divergence, the tvavelcngtb and the beacon-transmit channels, and they
are shown in the detailed layout of the 1,’1’1;S optical train of l;igure 2.1. ‘l’he ~vavefront qaality designed for the optical
channels was determined by the reqaircd image qaality needed at the focal plane of the channel. ‘1’he divergence channel has
the highest and the power channel the lowest. We ased a Zygo interferometer and a retro-reflecting sphere to align the
optical elements and to validate the ~vawfront qaality in each of the optical channels. l’he interferometer emitted a spatially
filtered 10 cm diameter, plane wave t Ic-Nc beam. A pictarc of the anit with one of its instrument racks is shotvn  in F’igare
2.2. l’he optical table in the figarc shows the Space Optics Research 1,abs (! SORI,)  20 cm primary mirror, the secondary
mirror, the SOKI, ofl’ axis parabolas (0APs)  for the data and beacon channels, and the data, the acquisition and the
divergence channel detectors. Also shown is one of the instrument racks with (from top to bottom) the di~ital oscilloscope,



the control computer’s monitor display, the beam-stmring mirror’s control electronics, the bit et-ror rate
receiver, and the control computer.

transmitter and

F’igure  2.2: Picture of 1.’1’1;S  showing the optical bench and one of its two instrument racks. F’rom top to bottom
t h e  r a c k  h o l d s  t h e  d i g i t a l  o s c i l l o s c o p e ,  t h e  c o n t r o l  compLItcr’s m o n i t o r- d i s p l a y ,  t h e  b e a m - s t e e r i n g  m i r r o r ’ s  c o n t r o l

electronics, the bit error rate transmitter and receiver, and the control computer.

‘]’here are no obscurations along the 1,1’11S’s  optical train. ‘1’he  tclescopc is a 10-X afocal reducer with a 20 cm aperture ofl

axis parabola (OAP) primary mirror that is coupled to an OAP secondary using a pair of fold mitrors.  “1’be confocal  parabola
arrangement provides coma-free performance over the smal I opmit  ing field-of-view, and the two fold mirrors provide beam
clearance to the steering beamsplitter gimbal mechanism. ‘1’tlc ofl-axis  angles fbr the parabolas arc the same so that the
optical beams entering, the telescope primary are parallel with those leaving the secondary mirror.

I)ielectric  coated beamsplitters arc used to split the incoming, energy oIT to each channel. l’he steering fUS #/1, the first
bcamsplitter  after the afbcal telescope, separates the acquisition and data channels from the rcn~aining  four channels. “[’his
bcamsplitter is mounted in a precision tw’o-axis  gimbal-mirror mount ~vith piemelectric control fclr fine adjustment. I’his
arrangement enables accurate n]casurcrnents of the point-ahead angle. The model P- 173 piezoelcctric  translators and model
11-455.20 gimbal-mirror mount were purchased from I’bysik  Instrument. The translators have an angular resolution of
0.276 arc-seckolt  with a maximum tilt angle in both axes of 276 arc-see. I’osition sensors along each translational axis
reduce the effects of hysteresis and improve the positioning accuracy of the tramlators.

2.1 Data channel

In the data channel the beam reflected from the datm’acquisition  bcamsplitkr  (//2 [1/S)  is again reflected from a series of three
off-axis parabolic mirrors before cletcction by the high spcecl data detector. The first parabolic mirror focuses the beam onto
a pinhole. I’he pinhole also helps reject unwanted out-of-fielcl  radiation. It also limits the field-of-view of the data channel
detector and serves as a reference to validate the performance of [he 1 C-l’s acquisition systenl. ‘1’hc  light passing through
the pinhole is collimated by the second off-a~is parabolic mirwr. A third ofFaxis  parabola images the beam onto the high
speed detector. Coarse (neutral density filters) and fine (waveplate  and quartz, polarizer) attenuators are used to control the
beam power at the detector. l’he attenuator are placed in the collimated sections of the beam to n]inimiz.e ~vavefron[
distortion. Reducing the aberrations reduces the size of the focuvxi  spot ancl ensures that all of the po\ver is focused onto



the small high-speed detectors that support gi.gabits pet second data rates. we Llscc! the ~ygo interfmmcter’  as a source and
measured a I/ez spot size of40  pm at the position ofthc  detector.

I’he PIN detectors osed in the data channel arc the New locus  Moclcl 160 I silicon photodiode  with spectral response from
350 nm - 1000 am and the Model 16 I I germanium photodiodc with spectral response fiotn 750 nm - 1800 rim). The
detectors have an active area of 400 pm x 400 pm, and 100 }Ltn X 100 pm, respectively.
these detectors are 25 kl Iz and I gt Iz, I’he noise equivalent pcwers  arc 25 pW/dt  Iz for the
for the Model 1611.

2.2 Acquisition channel

‘[’tlc s d[] band~vidtll limits of
Model 1601 and 17 pW/~}Iz

‘1’he acquisition channel consists of a simple two-element lens pair, a folding mirror, and a high framing rate Adaptive
Optics Associates CC[) camera. I’he CO I Iimated  beam exiting the afocal telescope is reflected first by the steering
beamsplitter and then by the data/acqllisition bcamsplitter into the two-element refracting imaging lens system of the
acquisition channel. I’he two element imaging lens system has a 2: I telephoto ratio and yields a reasonably well corrected
flat field image. I’he effective fbcal length of this channel is 4.13 m +19’o at 633 nm. Residual aberrations arc primari [y
simple third order spherical and arc less than O. I waves P-V (peak-to-valley) m-axis,  and less than 0.3 waves f’-V over the
field of view.

‘1’he acquisition detector is a 256 x 256 element CCI) camera w’ith 16 pnl x 16 pm square pixels. The lC”l’ beam is
defocused at the acquisition camera to allow I prad accuracy in beam-centroid  determination while allowing point-ahead
angle n]casurement  LIp to 200 prad. ‘1’hc  camera’s franwgrabbcr  board located in the acquisition computer is capable of
storing 4096 full frames of data. IJpon enabling frame acquisition at a specified rate, the baffcr is updated in real time as the
frames are acquired. After receiving an external trigger, a prtwkkrmincd  nomber  of prc-trigger  and post-trigger fkmes am
captured in the buf~cr and transferred to the hard disk drive of the acquisition computer on demand. Stored data are processed
osing 11)1, image processing routines to yield pixel coordinates of the laser spot’s centroicl. lime tagged data files
containing frame number and centroid  coordinates are transferred to the master computer and collated w’ith other 1.1’[S data.

2.3 Divergence channel

1,’1’1S  measures the far-field beam-intensity profile which is located at the fwal plane of the divergence channel (WC Figure
2. I ). I’hc ICI’  beam traasmittcd  by the steering bcamsplit[er  is reflected by a clichmic beams plitter, //3 11/S, that rdlects
980/o  of the incident beam at the I Cl’ wavelength. In the current design this is 844 nm. ‘[’he beam incident cm the
divergence/power channel bcamsplittcr #/4 11/S is reflected by a 35V0  reflection beamsplitter into a tw’o element divergence
channel imaging lens system and onto a Coha 4810 camera.  ‘1’he  ttvo element ima.ger lens systcm provides a well-corrected
imag,e at the detector. “1’be  residoa[ aberrations in this channel \vere measured as 0.044 waves P-V (633 nrn) of third order
spherical across the field-of view.

T’hc Coho camera is operated osing a frame grabber board and software supplied by Spirocon. ‘1’he “Ultracal” feature of the
software improves the rejection of the CCI) dark noise enhancing the quality of the f~r-field patterns  of the I,C-I’ beam
profiles. Prclitninary  test results \vitll the Zygo intcrfcromctcr’s  output show that 8Z%’O of the beam energy was w’ithin the
first dark ring. ‘[’his is sho~vn in Figorc 2.3 along with the beam profile for an onabcrrated (Strebl = 1 ) optical system.
l’hese results corroborate our wavefront n~easorements  for [Ilis cbanncl.  over  a 10 cm aperture the Strchl ratio in the
1.”1’11S’s divergence channel excccds 0.958’[’.

[k~cnding  on the application, the divergence of optical beams has been defined as either the fllll-~vidth of the beam at the
1 /e- intensity or the full-width of the beam at half the n~aximom intensity (}; W} [M). In either definition, an accumtc
determinant ion of the beam divergence from a measurement of spot size at the focus requires an accorak knowledge of the
focal Ierlgth of the focosing system. IJccause of this sensitivity, \ve have designed  the divergence channel to be slow, - f/72
}vitb fall 20 cm apcrtare illumination. We used the knife-edge method to determine the location of the focus in the
divergence channel. ‘1’he measured eft’ectivc focal length was 14.42-nl  ~1% for 633 nm light. We osed Code-V sotlware to
calcolate  the focal length shift CaL15ed  by the dispersion in the rcfractiw  index of the refmcting  elements for the OCI)’s
operating wavelength. I’bc calcolatcd focal length \vas 14.45-n]  at 844 nm within the uncertainty of oar n~easorement.
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Figure 2.3: I’he upper picture is the Airy’s disk pattern for a 10 cm apcrtured  plane w’ave  in an unaberrated  system
(Strehl = 1). I’hc lower picture is the beam profile of the Y,ygo  beam taken ~vith the Spirocotl camera in the
l,”l’1; S’s acquisition channel (Strehl >0.95). I’he two beams profiles have been normalized  to the same energy.
‘1’he  energy enclosed in the first dark ring ofthc upper picture is 840A, that in the Io\ver picture is 8Z0/0.

2.4 Power channel

l’hc I,C’1’ signal transmitted through the 50/50 bcamsplitter  in the power/ divergence channel is then incident on a simple
sil]gle-elen]ent piano-corlvcx lens that focuses it onto the power meter,  (see [:i~ure  2. I). lkcause  these photodetectors art

large area devices, there \vere no rcquirments  on the optical beam quality in
this channel. We estimate that the aberration
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in this channe[ is about 4 waves of simple third-orck’r spherical at 633 nm. The focused spot is much smaller than the
power meter’s diameter.

An Anritsu model Ml910[’I optical pow’er  meter is used to mcawrc the optical pow’er.  We use the model MA9802A
silicon photodiode  .wmor head for nlcasurernents  in the visible and near-lk spectral region (0.35 - 1.15 pm). I’his
photodiode  has a 9.5 mm diameter photosensitive surface, ancl a dynamic range of -65 cl[lm to -+20 dFln~ with 0.0 I d[l
resolution. For the longer wavelengths, we use the model MA9302A gern~anium  photodiode.  I’his  detector has a 5 mm
diameter photosensitive surface with a dynamic range of-40 dllrn to -120 dllm ~vith a 0.0 I cIII resolution.

2.5 Wavelength channel

The 1,1’[;S  uses a Rurleigh model WA-1000 wavemeter to meawrc the wavelengths of the ICI’  and lq’I;S beacons. The
wavemeter  measures wavelengths by counting the interfermcc fringes produced by the input beam in a Michelson
interferometer. It compares these with fringes produced in the same Michelson by a stabilized 1 le-Ne light source.

The beam in the 1.1’[;S  is coupled into the WA-1000 using the {lip mirror located as shown in F’i.rgure  2.1. “Ibis reflects the
laser beam to a ~()-tirnes  beam reducer. I)epending  on the wavelength of the Urlit under test, the output of the reducer is
either coupled into a focusing lens and then into a single rnodc fiber or is directly coup]ed to the free-beam input aperture of
the WA- 1000. Wavelengths arc measured to an accuracy of 0.0 I nrn, and appropriate beamsplitters and detectors arc
replaced il~totl~e \$ravet~~cter's optical p:itl~to r~~easllrc probc\vavclet~gtl~s  indifferent regions of the spectrum.

2.6 Beacon transmit channel

l'hebeacol~ trar~srllit cl~arlr~el isstlo\vrl it~I'igllre 2.1. -I't~cl."l't Sbcacor~s er\csas arc fercr}cefclrtl~e  [C-I’S acquisition and
tracking subsystem. I’he beacon laser’s output is coupled to thcoptical  train using a single mocle fiber. A fold mirror
directs ttlebcatll  el~littcd bytllefiber tott~eofl-axis  parabolic r~]irrortl~at collimates the beam. lhe collimated beam passes
tllroLlgll adicllroic  bcarllsplitler  tilattrarls!llits  >950Aoftlle incidmt780n nl beacon power and reflects> 95 ‘A of the light
at the 844 nm OCI)’S emission wavelength. Afkrthc dichroic beamsplitter the beacon light is coupled to the afmal
telescope whereit  isexpandcd  to20cn~.,  maintaining Iess than 0.2dllcenter-to-edge  variation in beam intensity across the
aperture tosinlulat  eauniform intensity plancwavcfmnt.

3. [: ONCJ,[JSION

Wellave  described  tl~elaser  tert]~it~al evallratiol]  statiorl  cllrrct]tly  under development at Jf’[.  The 1,1’[;S  will be first used
to test the OCD. ~’he OCD’S system archikcturcc onsists ofthrccchanne]s,  a transmit channel, a receive channel and a
borcsitechanne!.  I’hetransmittcris  a 10-cm-aperture Cawgrain telescope with a CCI) array in the focal plane to acquire
and track the uplink beacon. A dual-axis fine-pointing mirror reduces the eflects of platform disturbances and enables the
terl~~il~al toachieve  tllereqLrired poil~t-ai~ead ar~g[eof  itstrarlst~]itted bear~l. lnthe beacon-transmit l~lodel,ltlS\  villtrarlsl~~it
a780H  m Iaserbcacon signal tothe OCIJ and the OC1) iri turn transmits back an 844* I nrn modulated laser signal to
the 1,1’[1S.  The 1.1’[;S  will be used to measure the Strehl ofthc  OC[)’s transmit channel and validate the field-of-view of
the borw.itc  channel designed at 200 }(rad.

We\voLlld  like toacktlo\$ledgct  l~etccl~r~icala ssistar~cc of I)rs. ‘l’. Yan, C. Chcn, and S. Myau during the initial design
p}~aseoftl~e  I,'I`l;S, Mr. JI'ackard  fortecl~rlical assistarlce, ar]cl Mr. 1’. Razoof JP1.’s  Measurement ~’echno]ogy  Center fiw’
writing the instrument contro]  and data collection software. we would also like to thank [)r. 1;. Baroth of the Measurement
‘1’ethnology Center for his guidance and many fruitful discussions.

I’heresearch describcdin  this paper was carried out at the Jet propulsion laboratory, California Institate ofl’ethnology,
under a contract witht heNational Aeronautics and Spacc Adn}inistration.
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